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ABSTRACT: The adsorption of carbon dioxide (CO2), methane
(CH4), and nitrogen (N2) has been studied on potassium-exchanged
(95%) binder-free beads of Y zeolite through single, binary, and
ternary fixed bed breakthrough experiments, covering the temper-
ature range between 313 and 423 K and a pressure of up to 350 kPa.
At 313 K and 350 kPa, the single-component data obtained showed
that the amounts adsorbed of CO2, CH4, and N2 are around 6.42,
1.45, and 0.671 mol kg−1, respectively. The binary experiments CO2/
N2 carried out under typical post-combustion conditions show a
selectivity of CO2 over N2 around 104. The ternary experiments
resulted in the selectivities of CO2 over CH4 and N2 around 19 and
45, respectively. The adsorption equilibrium data have been modeled
by the dual-site Langmuir model, and the breakthrough experiments
were numerically simulated with a suitable dynamic fixed bed
adsorption model. The model predicts with good accuracy the systematic behavior of all breakthrough experiments. The results
shown in the present work prove that the potassium-exchanged binder-free beads of Y zeolite enhance the amount adsorbed of CO2
at low partial pressure over other alkali metal-exchanged faujasites and efficiently separate it from binary (CO2/N2) and ternary
(CO2/CH4/N2) mixtures by fixed bed adsorption.
■ INTRODUCTION
The generation of carbon dioxide is inherent in the
combustion of fossil fuels, and the efficient capture of CO2
from industrial operations is regarded as an important strategy
to achieve a significant reduction in atmospheric CO2
levels.1−9 Post-combustion capture is referred to as the capture
of CO2 from flue gases produced by the combustion of carbon-
based fuels, such as coal10 or natural gas. It is a crucial capture
route as it provides means of CO2 capture for new and existing
combustion technologies without encountering any techno-
logical risks or radical changes.11−13 Adsorption processes are
promising capture technologies as they can use specific
adsorbents by acting in the limit as molecular sieves to
separate CO2 from other flue gas constituents. Physical
adsorbents such as zeolites are safe for the local environment
and generally inexpensive to manufacture and scale-up.12,14
Major challenges that face post-combustion CO2 capture
technology by adsorption include the low pressure of flue gas
(101.3 kPa) and the difficulty to separate the relatively low
concentration of CO2 (10−15%) from the large amounts of
nitrogen.3,15 Processes for removing CO2 from CH4 are also
important for upgrading both renewable and non-renewable
energy sources such as landfill gas, biogas, and natural gas.16−20
These gases contain significant amounts of methane (50 vol %)
balanced by carbon dioxide, nitrogen, and other contaminants
that have to be removed before liquefaction to meet pipeline
grade specifications.21,22
Adsorption-based gas separations are currently being used to
separate CO2 from mixtures containing CO2/N2 and CO2/
CH4/N2 for several applications.
23−26 Metal−organic frame-
works (MOFs) are considered a new class of adsorbents with
great future potential for CO2 capture due to their high surface
area and pore volume.27 However, MOFs need to be further
refined regarding their production in large-scale, chemical, and
thermal stability, which are properties already well established
in zeolites.24 Conventional zeolites such as 13X, 4A, and 5A
forms are known as having excellent properties to adsorb large
amounts of CO2 while having high CO2 selectivity in
comparison to CH4 and N2.
6,24−26,28−30
Zeolites Y and X belong to the family of aluminosilicate
molecular sieves with a faujasite-type structure (FAU), being
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different only by the Si/Al atomic ratio (1.5−3.0 for NaY
compared to 1.0−1.5 for NaX).31,32 Barrer and Gibbons33
pioneered the concept of ion exchange by investigating the
properties of zeolitic carbon dioxide in different intracrystalline
environments in faujasites (Linde Sieve X). It was found that
such adsorbents reveal different behaviors and trends based on
the modification of the intracrystalline environment through
ion exchange. Furthermore, Walton et al.34 and Pirngruber et
al.35 have performed studies to examine the CO2 adsorption on
Y and X zeolites modified by alkali metal cation exchange of a
parent Na sample. Both studies agree that CO2 adsorption is
influenced by diverse structural characteristics of zeolites such
as cation size, acid−base surface properties, size of the pores,
number of exchangeable cations, polarizing power, distribution,
and Si/Al ratio (details provided in Section S1 of the
Supporting Information).36−39
By considering all these factors, it is possible to tune the
adsorptive properties of zeolites by ion exchange to optimize
the most suitable material that enriches substantially the CO2
adsorption for a specific process. Moreover, zeolite production
is well established being an advantage compared to other types
of adsorbents to a fast application as they are used industrially
for more than 60 years.40 Furthermore, the development of
binder-free zeolite adsorbents has proven to increase the
adsorption capacity up to 20%.24−26,30,41,42
Experimental and theoretical studies concerning the
adsorption of CO2, CH4, and N2 and their mixtures in
potassium-exchanged Y zeolite (KY) lack information in the
literature. Accordingly, this work aims to investigate by a series
of fixed bed breakthrough experiments the adsorption of single,
binary, and ternary mixtures of CO2/CH4/N2 in binder-free
beads of KY zeolite, at temperatures of 313, 373, and 423 K
and a total pressure of up to 350 kPa (under compositions
typical of post-combustion and biogas upgrading processes).
From the data, the single- and multicomponent adsorption
equilibrium isotherms were collected and fitted with the single
and dual-site Langmuir isotherms. A suitable mathematical
model including axial dispersion, mass transfer resistances, and
heat effects was also developed and applied to describe and
predict numerically the overall dynamics of the experiments.
Performance metrics such as selectivities and working
capacities were also evaluated. At the same time, the
experimental data collected is compared with an already
available one in the literature for other ion-exchanged X and Y
faujasite zeolites.
■ MATERIALS AND METHODS
Adsorbent and Adsorbate. The potassium-exchanged
(95%) Y zeolite studied in this work was synthesized in the
binder-free form in the labs of Chemiewerk Bas Köstritz
GmbH (Germany). The bead particle diameter ranges
between 1.6 and 2.5 mm. The exchange started from a
commercial type of the binder-free Y sodium zeolite form
(Köstrolith NaYBFK) with a Si/Al ratio of 2.5 to achieve the
95% potassium exchange degree value.
Air Liquide supplied the adsorbate and inert gases with the
following specifications: He ALPHAGAZ 2 (99.9998%), CO2
N48 (99.998%), CH4 N35 (99.95%), and N2 N50 (99.999%).
Characterization. The porous nature of the binder-free
zeolite KY was accessed by nitrogen adsorption−desorption at
77 K and a pressure of up to 101.3 kPa using an accelerated
surface area and porosimetry system (Micrometrics ASAP
2020 V4.02). Before the experiments, the sample was
outgassed at 573 K for 12 h in a vacuum atmosphere.
The porosity of the materials was evaluated by mercury
intrusion porosimetry, performed in a pore size analyzer
(Micromeritics AutoPore IV 9500), covering the pressure
range between 0.003 and 207 MPa, after activation in the same
previously described conditions.
The surface morphology of the binder-free zeolite KY was
analyzed using a scanning electron microscopy instrument
(JEOL Model JSM-6490) with a high resolution of 3.0 nm.
All the characterization studies were performed at the
Laboratorio de Soĺidos Porosos of Maĺaga University.
Experimental Procedure. A homemade single- and
multicomponent breakthrough apparatus was used to study
the fixed bed adsorption of CO2, CH4, and N2 and their
binary/ternary mixtures. This apparatus was used in previous
works41 and is illustrated in Figure S1 of the Supporting
Information. Table S1 shows the properties of the adsorbent
and column used in the experiments performed through this
work.
The experimental system consists of three main sections,
namely, the gas preparation section, adsorption column system,
and an analytical system using a thermal conductivity detector
(TCD) gas chromatograph (SRI 8610C - Gas Chromatograph
equipment, USA).
In the gas preparation section, the partial pressure of the
adsorbable species was set-up before being introduced in the
adsorption column. In the adsorption section, the mixture
passes through the adsorption column that is placed inside a
temperature-controlled oven. Mass flow controllers (Alicat
MFCs, USA) were used to set-up the flow rates of both carrier
gas (He) and adsorbate gases (CO2/CH4/ N2), and an
electronic back-pressure controller (Alicat BPR, USA) was
used to establish the total pressure of the system. For single-
component experiments, the column gas outlet goes directly to
the TCD detector. For binary and ternary experiments, the
column gas outlet passes through a six-port VICI-Valco valve
gas trapping loop system. This valve was programmed to inject
the mixture sample, trapped in the loop, into a gas
chromatographic column (HayeSep packed column) at a
fixed time step. The species were separated in less than 1 min
and analyzed by the TCD-GC system. Before the first run, the
adsorption column was activated for 12 h at 623 K under
vacuum and pure helium flow (10 mL min−1) to remove any
pre-absorbed undesirable components, such as water.
In chromatographic breakthrough experiments, the adsorp-
tion equilibrium concentration is calculated by integrating the
molar flow profiles of the breakthrough curves by using the
following equation:43










where qexp, i is the experimental measured adsorption
equilibrium concentration, mads is the adsorbent mass in the
column, Ff, i is the feed molar flow rate of component i at the
inlet of the fixed bed, Fi is the molar flow rate of component i
at the outlet of the fixed bed, t∞ is the saturation time, εb is the
bed porosity, Vc is the adsorption column volume, and C0i is
the feed gas-phase concentration of component i at the inlet of
the fixed bed.
Adsorption Equilibrium Model. The dual-site Langmuir
(DSL) model isotherm distinguishes two categories of sorption
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sites in the adsorbent, each following the Langmuir model
assumption, with different binding energies and maximum



























where qi is the adsorbed equilibrium concentration, pi is the
partial pressure of sorbate, and qmi and bi are the maximum
adsorbed equilibrium concentration and the adsorption affinity
constant of each site, respectively. The subscripts 1 and 2
indicate the two types of sorption sites, the index i refers to the
sorbate species, and n refers to the number of components
present in the mixture. This model deviates from the ideal
Langmuir model accounting for the heterogeneity of the
adsorbent surface due to possible different adsorption site
locations on the faujasite framework. It reverts to the Langmuir
model if considering only one equivalent energy site.
The effect of temperature on the adsorption affinity
constant, bi, follows a van’t Hoff equation
= ∞
−Δb b ei i
H RT
,
( / )i (3)
where b∞,i is the pre-exponential factor of the affinity constant,
R is the ideal gas constant, ( − ΔHi) is the heat of adsorption,
and T is the temperature.
Isosteric Heats. The isosteric heat can give us an idea of
the heterogeneity of the adsorption surface, and its depend-
ence as a function of the adsorbed equilibrium concentration
can give us an indication of the contribution of adsorbate−
adsorbent interactions.35 The isosteric heat (ΔHst) as a
function of the adsorbed equilibrium concentration is defined
by the following equation45
Figure 1. Characterizations: (a) adsorption equilibrium isotherm of N2 at 77 K on binder-free zeolite KY; (b) differential intrusion and extrusion of
Hg in pores on binder-free zeolite KY; SEM images of binder-free zeolite KY at (c) 10×, (d) 500×, (e) 3000×, (f) 5000×, and (g) 15,000×.
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Assuming that ΔHst is independent of the temperature, the
isosteric heat can be calculated directly from the experimental
adsorption isotherms by integrating eq 4 at a fixed coverage in








It can be also predicted or calculated numerically by the
differentiation of the DSL adsorption isotherm (eq 2),
assuming constant loading (dq = 0) and substituting the result

























1(1 ) 2 (1 )













Selectivity and Working Capacity. The selectivity (α) of










where qi and qj are the adsorbed equilibrium concentration of
components i and j at the same pressure and temperature,
respectively. pi and pj are the respective partial pressures.
The working capacity of an adsorbent can be defined as the
difference in the adsorption equilibrium concentration values
between the high and low pressures in the case of PSA/VSA
(at constant temperature) and from a high and low
temperature in the case of TSA (at constant pressure). A
general expression including both the temperature and
pressure for the calculation of the working capacity is49
β = −q T p q T p( , ) ( , )P 1 1 2 2 (8)
where q(T1, p1) is the adsorbed equilibrium concentration at
the temperature T1 and partial pressure p1 in the adsorption
step and q(T2, p2) is the adsorbed equilibrium concentration at
temperature T2 and regenerating pressure p2 in the desorption
step.
Breakthrough Mathematical Modeling. A mathemat-
ical model has been developed to predict the dynamic behavior
of the fixed bed adsorption process for the single- and
multicomponent breakthrough curves, which is described in
Figure 2. Adsorption equilibrium isotherms of CO2, CH4, and N2 at (a1) 313, (b1) 373, and (c1) 423 K in binder-free zeolite KY; selectivity of
CO2/N2 and CO2/CH4 at (a2) 313, (b2) 373, and (c2) 423 K in binder-free zeolite KY. Experimental = symbols; numerical = lines.
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Section S2 of the Supporting Information. Briefly, the
mathematical model is based on the mass and energy
conservation law principles including both the effect of the
longitudinal axial dispersion of the flowing gas through the bed
and an overall effective kinetic rate mechanism for mass
transfer of the sorbates between the bulk gas phase and
adsorbent particles (linear driving force model, LDF). The
adsorption equilibrium isotherm is described by the DSL
model. The resulting set of coupled partial and algebraic
differential equations is summarized in Table S2, and the
correlations used to estimate the mathematical model
parameters are shown in Table S3.
■ RESULTS AND DISCUSSION
Adsorbent Properties and Characterization. N2 gas
sorption measurements were performed to describe the porous
nature of the binder-free zeolite KY studied. The correspond-
ing adsorption and desorption isotherms at 77 K are shown in
Figure 1a. It can be seen that the isotherms are of type I
according to the new IUPAC classification,50 being concave to
the p/p0 axis with the loading reaching a limiting value, which
is a signature characteristic of microporous materials. At the
low-pressure region (between p/p0 = 0.01 and 0.10), the
adsorbed amount increases from approximately 150 to 200
cm3STP/g and then it practically remains constant until p/p0 =
1. The textural properties of the material are summarized in
Table S4.
The mercury (Hg) intrusion porosimetry outcomes are
shown in Figure 1b, which are presented by differential
intrusion/extrusion as a function of the pore size diameter. A
pore size range is detected from nano- to micropore sizes
(according to the new IUPAC scheme50) between 0.01 and 10
μm. The average pore size by extrusion is observed to be
around 1 μm, indicating that most of the pores in the binder-
free zeolite KY are considered to be between the size classes of
sub- and intermicropores.
Scanning electron microscopy (SEM) images of the zeolite
KY samples are presented in Figure 1c−g. Foggy crystals with
an average size of around 1 μm with cubic/spherical
characteristics can be observed in Figure 1f. However, in
Figure 1g, it is possible to see the crystal intergrowth in the
interior forming polycrystalline morphology, and a single
zeolite crystal inside the beads is almost not perceptive. This
behavior has already been observed51 and was related to the
manufacturing process of binder-free zeolite crystals.
Adsorption Equilibrium of CO2, CH4, and N2 on
Binder-Free Zeolite KY. The single-component adsorption
equilibrium data of CO2, CH4, and N2 on binder-free zeolite
KY were collected at three temperatures, 313, 373, and 423 K,
and for partial pressures up to 350 kPa directly from a series of
fixed bed breakthrough experiments using eq 1. The
experimental conditions for the single component break-
through runs of CO2, CH4, and N2 are summarized in Table
S5. All the single-component breakthrough curves measured
are depicted in Figures S2−S4.
Figure 2a1−c1 shows the isotherms collected for CO2, CH4,
and N2 as well as the fitting with the standard Langmuir (for
CH4 and N2) and dual-site Langmuir (for CO2) models, at
(a1) 313, (b1) 373, and (c1) 423 K. As can be seen, the
amount adsorbed of all components increases by enhancing
the partial pressure and decreases by enhancing the temper-
ature. At 313 K and 350 kPa, the adsorbed equilibrium
concentrations for CO2, CH4, and N2 in binder-free zeolite KY
are around 6.42, 1.45, and 0.671 mol kg−1, respectively.
Regarding the CO2 isotherms, it is clear that this guest
molecule presents a much higher affinity with the binder-free
zeolite KY than the other components, with this result being
especially due to its large linear quadrupole moment and
consequently strong interaction with the intracrystalline charge
density framework.
Figure 2a2−c2 shows the numerical (eq 7) and experimental
selectivities of CO2 over N2 (green) and CO2 over CH4 (blue)
at the temperatures of (a2) 313, (b2) 373, and (c2) 423 K. At
313 K (Figure 2a2), it is visible that, at the interval of lower
pressure from 5 to 10 kPa, the selectivity of CO2 over N2 is the
highest ranging from 105 to 135. Under the same conditions,
the selectivity of CO2 over CH4 is between 45 and 57. As the
temperature increases, the selectivity of CO2 over N2 and CH4
decreases as it does not exceed 29 and 10, respectively, at 423
K (Figure 2c2). At higher pressures from 150 to 350 kPa, the
CO2 selectivity over the other components generally becomes
practically constant, as it is shown in Figure 2a2−c2. It is worth
mentioning that, at the higher temperatures (373 and 423 K)
and low pressures (below 50 kPa), CH4 and N2 concentration
curves break through the column very fast (less than a minute),
which can contribute to experimental errors in the measure-
ment of the adsorption equilibrium experimental data (please
see Figures S3 and S4 in the Supporting Information).
Accordingly, this can lead to an under or over-measurement
of the compounds adsorbed in equilibrium concentration,
which results in the calculation of an unexpected lower
experimental selectivity of CO2 over N2 and CH4 at low
pressure, as can be seen in Figure 2b2,c2.
Regarding the isotherm model fitting (lines in Figure 2a1−
c1), the standard Langmuir model is reasonable to describe
CH4 and N2 data because the adsorption binding sites in the
surface can be considered practically homogeneous for the
guest molecules. However, for the guest CO2, the DSL
isotherm model is more appropriate because the adsorbent
surface can be considered energetically heterogeneous due to
the different cation site locations.35 Table 1 summarizes the
DSL and Langmuir isotherm parameters for the adsorption of
CO2, CH4, and N2 in the binder-free zeolite KY as well as the
respective fitting correlation coefficients. The extended dual-
site Langmuir (DSL) model (eq 2) was used to fit the
multicomponent data (binary and ternary adsorption equili-
brium data), according to the approach presented by Ritter et
Table 1. Adsorption Equilibrium Model Parameters for Sorption of CO2, CH4, and N2 on Binder-Free Zeolite KY
qm (mol kg
−1) b (kPa−1)a (ΔHi) (kJ mol−1)
species qm1 qm2 b1 b2 (ΔHi)1 (ΔHi)2 R2
CO2 3.35 3.25 6.27 × 10−2 1.62 × 10−1 −45.0 −37.4 0.9990
CH4 4.81 1.23 × 10−3 −16.9 0.9994
N2 2.98 8.30 × 10
−4 −18.7 0.9990
aThe reference temperature used is 313 K.
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al.52 and Tynan et al.53 (details are given in Section S6 in the
Supporting Information). From the fitting procedure, the
values calculated for qmi follow the order CO2(6.60 mol kg
−1)
> CH4(4.81 mol kg
−1) > N2(2.98 mol kg
−1), giving rise to
some thermodynamic inconsistency of the models. However,
these values should be read as empirical values valid only for
the proper description of experimental data by the simple
DSL/Langmuir isotherm models in the range of temperature
and pressure studied (extrapolation is not recommended). The
same is true for the values of the adsorption affinity constant bi
reported in Table 1.
Figure 3 depicts the CO2 isotherms at 313 K in the binder-
free ion-exchanged KY and in the as-synthesized NaY form
(from where the ion exchange had been performed), for a
comparison. As can be observed, the loading of CO2 in the
binder-free zeolite KY is higher up to 350 kPa. This result
clearly indicates that the potassium ion exchange of Y zeolite
enhances the amount adsorbed of CO2 at low partial pressure,
as already shown/predicted by other authors.34,35 At 313 K
and below 150 kPa, the difference in the loadings of CO2 in the
KY and NaY binder-free beads may reach up to 0.77 mol kg−1,
representing an increase of 16.6% in these conditions.
Figure S5a shows a comparison of the CO2 isotherm data
collected in this work with the ones in LiY(73%), KY(100%),
and CsY(89%) zeolites in powder form prepared by ion
exchange of a parent NaY sample with a Si/Al ratio of 2.5.35
The results show that the adsorption capacity of the binder-
free KY studied in this work is also very competitive compared
to most of the studied alkali metal exchanged zeolites. At 150
kPa and 323 K, the adsorption equilibrium concentration of
CO2 in the binder-free KY is equal to 5.89 mol kg
−1, compared
to 5.24 for NaY, 5.07 for KY, 4.45 for LiY, and 2.98 mol kg−1
for CsY (more details are provided in the Supporting
Information Section S4). Another comparison with the powder
form of KY zeolite is shown in Figure S5b for the CO2
isotherms at 333 K,35 which has a comparable ion exchange
degree, in the pressure range until 100 kPa. As can be seen, the
loading of CO2 in the binder-free zeolite KY is systematically
higher and follows a similar trend for this range of pressure.
The 13X zeolite reported by Hefti et al.54 contains an
adsorption inert binder (between 15 and 25%) that reduces its
adsorption capacity. In this way, for the comparison of the 13X
zeolite with the binder-free KY studied in this work, it was
assumed that the 13X zeolite has a 15−25% higher capacity
than the values reported by the authors. Accordingly, the
amounts adsorbed of CO2 at 15 kPa and 298 K in the binder-
free zeolite KY are 9.3 and 0.5% higher than in 13X zeolite,
respectively.
The isosteric heats of adsorption are calculated from the
adsorption equilibrium data using eq 4 (details are shown in
Figure S6 for all the compounds). Figure S7 shows the
numerical predicted isosteric heat (eq 6) along with the
calculated experimental values as a function of coverage, where
the DSL model predicts the experimental observation of a
practically constant net isosteric heat for CO2, CH4, and N2 as
a function of coverage with values around 39.9, 16.9, and 18.7
kJ mol−1, respectively. The isosteric heat for N2 is slightly
higher than the one for CH4, probably because it has also a
quadrupole moment despite CH4, which is an apolar molecule.
Binary Adsorption for Mixtures CO2/N2. Figure 4 shows
the adsorption (a1−c1) and desorption (a2−c2) breakthrough
curves for the mixture (CO2/N2:15/85) at 313, 373, and 423
K. The desorption step was performed with pure N2 at the
same flow rate used in the adsorption step. The experimental
conditions for these set of runs can be found in Table S6 in the
Supporting Information.
As can be seen in Figure 4a1, CO2 starts to elute from the
column at around 150 min with a mass transfer zone that
reaches the inlet concentration (saturation of the bed) at
around 250 min. The effect of temperature in the binary
breakthrough curves CO2/N2 is shown in Figure 4a1−c1,
where it can be observed that the saturation time decreases
with increasing temperature as expected (313−423 K).
Regarding the desorption curves with pure N2 (Figure 4a2−
c2), the time to clean the column is much higher than the time
to saturate it, especially at 313 K (a2). This trend can be
explained from the type I IUPAC classification of the
isotherms, which are considered favorable for the adsorption
and consequently unfavorable for desorption, resulting in a
spreading of the mass transfer zone in the desorption step,
which contributes to the longer time needed for the
regeneration of the column. As the temperature increases
from 313 to 423 K, the desorption time decreases from 1000
(numerical curve in Figure 4a2) to 40 min (Figure 4c2).
The working capacity for a TSA process, calculated between
two different temperatures (313 and 423 K, eq 8) keeping the
same feed conditions (CO2/N2:15/85 vol %) at constant 100
kPa, is equal to 3.7 mol kg−1, which compares to 3.3 mol kg−1
observed in pellets of 13X zeolite48 (we note that these pellets
of 13X zeolite have an inert clay binder content that can reach
up to 25% in weight according to Zeochem). Therefore, by
using the binder-free zeolite KY, it is possible to achieve an
increase in the working capacity for the TSA process up to
12.0%. The working capacity for a PSA process, calculated
between two different partial pressures (15 and 3 kPa, eq 8) at
a constant temperature of 298 K, is equal to 2.4 mol kg−1,
which compares to 1.3 mol kg−1 observed in pellets of 13X
zeolite.48 Therefore, by using the binder-free zeolite KY, it is
possible to achieve an increase in working capacity for the PSA
process up to 84.0%. These results show that the binder-free
beads (ready to use for large-scale production) should be
regarded as an important adsorbent material to be used to near
atmospheric pressure for CO2 capture for TSA or PSA
processes. However, further comprehensive experimental
investigation needs to be performed to confirm the
effectiveness of the binder-free KY applied for the cyclic
Figure 3. Comparison between the CO2 adsorption equilibrium
isotherm at 313 K and up to 350 kPa obtained in the binder-free ion-
exchanged KY(95%) (black) with the one in the binder-free beads of
NaY (light orange) from where the ion exchange is performed.
Experimental = symbols.
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adsorption process for CO2 post-combustion capture and
biogas upgrading processes, but the results arising for this
experimental study are very promising.
A comparison breakthrough study between experiments in
the ion-exchanged binder-free KY and the as-synthesized NaY
has been performed for the mixture CO2/N2 (15/85 vol %) at
313 K and a total pressure of 100 kPa. The result is illustrated
in Figure S8a where it is clear that CO2 elutes earlier in the
fixed bed column with binder-free NaY, which means that CO2
selectivity is higher in the KY form. This result is in accordance
with the literature34,35 predictions proving the advantage of
using the potassium form to increase CO2 selectivity compared
to the NaY faujasite form, especially for CO2 capture from
post-combustion streams.
Additionally, Table S12 in the Supporting Information
shows a comparison of the calculated values of binder-free KY
metrics along with other adsorbents such as zeolite 13X,
activated carbon (CS-AC), UTSA-16, and Mg-MOF-74, under
post-combustion capture conditions shown in the literature.48
Ternary Adsorption of Mixtures CO2/CH4/N2. Figure 5
shows breakthrough curves for ternary mixture feeds of CO2/
CH4/N2 (20/20/20 vol % balanced with He) on binder-free
zeolite KY at 100 kPa and (a) 313, (b) 373, and (c) 423 K,
under conditions typically used for biogas upgrading. As can be
seen, the binder-free zeolite KY acts as an efficient separator of
CO2 from CH4/N2. CH4 and N2 practically elute from the
column at the beginning of the experiments. Additionally, the
ternary breakthrough curves exhibit the so-called roll-up
phenomenon,55 where the least adsorbed solutes (following
the hierarchy order N2 < CH4 ≪ CO2) are desorbed by the
more strongly adsorbed ones by an adsorption equilibrium
competition displacement process. This phenomenon makes
the concentration of the least adsorbed components (moving
faster in the column: CH4 and N2) overcome the feed
concentration until the strongest adsorbed component
(moving slower in the column: CO2) starts to elute the
column, as is clearly shown in Figure 5.
Table S7 in the Supporting Information shows the
experimental conditions for the runs involving the ternary
mixture.
Similar to the binary experiments, values of the adsorption
capacity, selectivity, and working capacity were determined for
the experiments at 100 kPa. At 313 K, the selectivities of CO2
over CH4 are around 19 and 45 over N2. The working capacity
was predicted between 313 and 423 K while keeping the same
feed conditions, where the value is equal to 4.0 mol kg−1.
Figure 4. (a1, b1, c1) Adsorption (Run A) and (a2, b2, c2) desorption (Run D) breakthrough curves for CO2 and N2 on binder-free zeolite KY at
313, 373, and 423 K. Experimental = symbols; numerical = lines. Experimental conditions are summarized in Table S6 in the Supporting
Information.
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These results indicate also an efficient separation of CO2 from
the CO2/CH4/N2 ternary mixture.
Also, a comparison study between breakthrough experiments
in the ion-exchanged binder-free KY and the as-synthesized
NaY has been performed for the mixture CO2/CH4/N2 (20/
20/20 vol % balanced with He) at 313 K and 100 kPa. Once
more, in Figure S8b, it is possible to observe that CO2 breaks
through the column earlier in the bed containing binder-free
NaY, proving once more the advantage of using the potassium
form to increase CO2 selectivity, also under biogas upgrading
conditions.
To verify the lifetime/recyclability of the binder-free zeolite
KY, at the end of the single and multicomponent experiments,
five CO2 breakthrough experiments were repeated at the
experimental conditions of RUN 1.3 (50 kPa and 313 K). After
each run, the material was cleaned at 473 K with a pure He
stream (80 mL min−1) for at least 2 h. Table S14 summarizes
the experimental conditions for these runs. Figure S9a
illustrates the CO2 breakthrough curves plotted in terms of
the normalized molar fraction (yi/yi0) as a function of moles
fed per unit mass of the adsorbent, and Figure S9b shows the
loadings of CO2 calculated for each run. It can be observed
that the calculated CO2 loadings for all runs are almost
identical (c.a. 5.37 mol kg−1), which confirms that the material
can be regenerated and reused several times without capacity
lost.
Modeling of Binary and Ternary Breakthrough Data
CO2/CH4/N2. The modeling of breakthrough curves is
important to understand physically the overall fixed bed
adsorption experimental dynamics for thereafter design cyclic
adsorption processes. Accordingly, the fixed bed adsorption
model (shown in Table S2 in the Supporting Information) was
used to simulate/predict the binary and ternary breakthrough
experimental data.41,56
The spreading of mass transfer zones in a fixed bed is
influenced mainly by (i) the nature of adsorption equilibrium
(favorable or unfavorable), (ii) mass transfer of sorbates
between the bulk gas phase and the interior of the porous
particles, and (iii) the flow pattern of the gas in the fixed bed,
which can be characterized by an axial dispersion model.
Accordingly, it is important to evaluate the relative importance
of each type of mechanism on the overall dynamics and
respective influence in the spreading of mass transfer zones of
the breakthrough curves.
Concerning the adsorption equilibrium, the isotherms are all
type I (favorable for adsorption), so their effect is to narrow
the length of the mass transfer zone. The mass transfer kinetics
mechanism analysis of the adsorbable species from the bulk gas
phase to the interior of the adsorbent can be very complex, but
generally, it can be simplified by the so-called linear driving
force model (LDF).57,58 In this approach, a lumped parameter
called the overall mass transfer coefficient, KLDF, can be related
to the several possible resistances to mass transfer in a
bidisperse porous adsorbent such as film diffusion, macropore
diffusion, and micropore diffusion, linked by the following
equation, which takes into account the relative importance of




















where K is the dimensionless Henry’s law equilibrium constant,
Rp is the particle (bead) radius, εp is the particle porosity, Dp is
the effective macropore diffusivity, rc is the zeolite crystal
radius (from where the beads were made), and Dc is the
intracrystalline/framework zeolite diffusivity.
Ruthven31 used the method of moments for a linear system
to evaluate also the relative importance of the axial dispersion
of the gas flowing through the bed relatively to the mass-
transfer resistances (eq 9) providing an overall effective rate



































where k′ is the overall effective rate coefficient, Dax is the axial
dispersion of the gas in the bed, vi is the interstitial velocity,
and εb is the bed porosity.
By comparing the relative values of the time constants of
each mechanism (terms of the r.h.s. in eq 10), it is possible to
evaluate roughly which is the relevant one that influences the
spreading of the mass transfer zones of the breakthrough
curves. Table S3 in the Supporting Information summarizes
Figure 5. Ternary adsorption breakthrough curves for CO2/CH4/N2
on binder-free zeolite KY at (a) 313, (b) 373, and (c) 423 K.
Experimental = symbols; numerical = lines. Experimental conditions
are summarized in Table S7 in the Supporting Information.
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the correlations used to predict the values of each parameter of
the l.h.s. of eq 9 and r.h.s. of eq 10, and Tables S8 and S9 in the
Supporting Information summarize the values calculated for
each term of eqs 9 and 10 for the binary (CO2/N2) and ternary
(CO2/CH4/N2) experiments at 313, 373, and 423 K,
respectively. For the binary experiments (Table S8), we can
read that the values of the term related to axial dispersion vary
from 1.81 to 2.75 s being much higher than the reverse of the
overall mass-transfer coefficient KLDF, which varies from 0.04
to 0.06 s, indicating that the axial dispersion of the flowing gas
through the bed will have a significant influence on the length
of the mass transfer zones of the experimental breakthrough
curves studied in this work. Similarly, for the ternary
experiments, the same behavior is observed (Table S9). This
is demonstrated in Figure 6a where a selected binary
experiment (Run A1) is simulated by changing the values of
the overall mass-transfer coefficient (KLDF) for a fixed value of
Dax. It can be observed in Figure 6a that there is no effect in
the spreading of the breakthrough curves. On the contrary,
Figure 6b shows that the spread of the mass transfer zone of
the breakthrough curves is strongly affected by changing the
values of the axial dispersion (Dax) for a constant value of KLDF.
This parametric study clearly shows that the spreading of the
breakthrough curves is completely dominated by the axial
dispersion, a result confirmed by the values of each term of eq
10, as shown in Tables S8 and S9 in the Supporting
Information.
Overall, the numerical simulations (lines in Figures 4 and 5)
describe with good accuracy the dynamics of the fixed bed
adsorption system for both the adsorption and desorption
steps, in binary and ternary experiments, being the
mathematical model that developed a valuable tool for the
design and prediction of the cyclic operation of industrial
processes (PSA and TSA) using binder-free zeolite beads of
KY for post-combustion and biogas upgrading processes.
Finally, we should remark that the previously described
methodology for calculating model parameters to be used as a
predictive tool is based on the assumption that the interior of
the binder-free beads is made with very well-identified single
crystals (as in typical commercial binder pellets/beads) with a
size of around 1 μm from where they were synthesized and also
on framework/crystal diffusivities (Dc) calculated from
molecular dynamics simulations (MDS) and the experimental
quasi-elastic neutron scattering (QENS) technique59,60 (a
microscopic experimental technique where the values of Dc are
generally much higher than the ones measured by the
macroscopic ones61). Accordingly, very small values for the
micropore diffusion time constant term rc
2/(15KDc) in eqs 9
and 10 (values given in Tables S8 and S9 in the Supporting
Information) are obtained, and consequently, the micropore
diffusion resistance mechanism effect is negligible for the value
of the global mass transfer coefficient. However, the
manufacture of mechanically stable binder-free beads is a
complex process,51 where in the end, the interior of the binder-
free beads is made of random-sized polycrystals, as can be
observed in the SEM photographs shown in Figure 1f.
Accordingly, in practice, the value of the crystal size (rc) to
be used in eqs 9 and 10 is indeed very difficult to select. This
means also that, in eqs 9 and 10, we should correctly write an
average ⟨rc⟩ for the polycrystals observed in Figure 1f, where
the true value is unknown, and the value of Dc could be also
different from the one measured by MDS, QENS, or even
NMR. This particularity can significantly affect the relative
importance of micropore versus macropore diffusion in these
bidisperse binder-free adsorbents, or we can assume that we
have an unknown rate mechanism in the binder-free beads62
due to the presence of polycrystals. However, for the present
system studied, since the gas flow through the fixed bed is very
small, we believe that the system is with no doubt dominated
by the effect of the longitudinal degree of backmixing of the gas
flow pattern through the fixed bed quantified by the axial
dispersion coefficient (Dax) from where the respective time
constant term and respective value in eq 10 (ranging from 1.81
to 2.75 s) superimpose largely to the importance of the global
mass transfer coefficient (KLDF) (values ranging from 0.04 to
0.06 s), as demonstrated in Tables S8 and S9, and globally
shown by the goodness of the fits of the simulated
breakthrough curves presented in Figures 4 and 5.
■ CONCLUSIONS
This work presents a systematic study of new potassium-
exchanged binder-free beads of Y zeolite for the fixed bed
adsorption of CO2, CH4, and N2 and their mixtures, with
interest for CO2 post-combustion capture and biogas
upgrading strategies. It was demonstrated experimentally,
from binary/ternary breakthrough curves, that this new
binder-free zeolite KY (ready to be used and scaled up for
large production) separates with a very high selectivity CO2
from mixtures containing CO2/CH4/N2 and enhances the
CO2 adsorption uptake at 15 kPa up to 10% regarding
commercial 13X (NaX) zeolite beads in the presence of N2.
The selectivity of CO2 over N2, from post-combustion streams
conditions, is around 104 at 298 K, and the selectivities of CO2
over CH4 and N2 in the ternary system are around 14 and 32 at
Figure 6. Influence of changing overall mass transfer coefficient KLDF
(a) and axial dispersion Dax (b) on the numerical breakthrough curves
of CO2 at 313 K and 0.15 bar partial pressure balanced with N2 (Run
A1, see Tables S6 and S8 in the Supporting Information for
experimental conditions and model parameters, respectively).
Experimental = symbols; numerical = lines.
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313 K, respectively. The experimental data have been modeled
through a suitable mathematical model that provides a good
description of the overall breakthrough data, being a useful tool
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■ NOMENCLATURE
ap specific area of the pellet (m
−1)
ac specific area of the column (m
−1)
bi adsorption equilibrium affinity constant of compo-
nent i (Pa−1)
b∞ pre-exponential factor of the affinity constant (Pa
−1)
C total gas concentration (mol m−3)
C0i feed gas-phase concentration at the inlet of the fixed
bed (mol m−3)
Cpg heat capacity of gas (J mol
−1 K−1)
Cps heat capacity of the adsorbent (J mol
−1 K−1)
dp bead diameter (m)
dc column diameter (m)
Dax axial mass dispersion coefficient (m
2 s−1)
Dc intracrystalline diffusivity (m
2 s−1)
Dk Knudsen diffusivity (m
2 s−1)
Dm molecular diffusivity (m
2 s−1)
Dp effective macropore diffusivity (m
2 s−1)
Ff, i feed molar flow rate of component i at the inlet of the
bed (mol m−2 s−1)
Fi feed molar flow rate of component i at the outlet of
the bed (mol m−2 s−1)
hp film heat transfer coefficient (W m
−2 K−1)
hw wall heat transfer coefficient (W m
−2 K−1)
k′ overall effective rate coefficient (s−1)
K dimensionless Henry’s law equilibrium constant (−)
KLDF linear driving force coefficient (s
−1)
Kax effective axial bed thermal conductivity (W m
−1 K−1)
L length of the column (m)
Nu Nusselt number
pi partial pressure of component i (Pa)
P total pressure of the column (Pa)
Pe Peclet number
qi adsorption concentration of component i (mol kg
−1)
q̅i average adsorption concentration of component i
(mol kg−1)
qcal calculated adsorption concentration (mol kg
−1)
q̅cal average adsorption concentration (mol kg
−1)
qm maximum adsorption equilibrium concentration (mol
kg−1)
rp pore radius (Å)
rc crystal radius (m)
Rp pellet radius (m)
R universal gas constant (J mol−1 K−1)
Re Reynolds number
SBET BET surface area (m
2 g−1)
Sext external surface area (m
2 g−1)
SLangmuir Langmuir surface area (m
2 g−1)
Smic micropore surface area (m
2 g−1)
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t time (s)
tn saturation time (s)
T temperature in the bulk gas phase (K)
Ts temperature in the solid phase (K)
Tw column wall temperature (K)
v superficial velocity (m s−1)
vi interstitial velocity (m s
−1)
Vc column volume (m
3)
Vmic micropore volume (mm
3 g−1 )
VTotal total pore volume (mm
3 g−1 )
Vmic average pore width (nm)
yi molar fraction of sorbate species i in the bulk phase
yi0 feed molar fraction of sorbate species i in the bulk
phase
z axial coordinate in bed (m)
GREEK LETTERS
αP pure component selectivity (-)
αC competitive component selectivity (-)
βP pure working capacity (mol kg
−1)
βC competitive working capacity (mol kg
−1)
ΔHi isosteric heat adsorption of species i (J mol−1)
εb bed porosity
εp solid porosity
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